Abstract Background: As the number of cervical spine procedures performed continues to increase, the need for revision surgery is also likely to increase. Surgeons need to understand the etiology of post-surgical changes, as well as have a treatment algorithm when evaluating these complex patients. Questions/Purposes: This study aims to review the rates and etiology of revision cervical spine surgery as well as describe our treatment algorithm. Methods: We used a narrative and literature review. We performed a MEDLINE (PubMed) search for "cervical" and "spine" and "revision" which returned 353 articles from 1993 through January 22, 2014. Abstracts were analyzed for relevance and 32 articles were reviewed. Results: The rates of revision surgery on the cervical spine vary by the type and extent of procedure performed. Patient evaluation should include a detailed history and review of the indication for the index procedure, as well as lab work to rule out infection. Imaging studies including flexion/extension radiographs and computed tomography are obtained to evaluate potential pseudarthrosis. Magnetic resonance imaging is helpful to evaluate the disc, neural elements, soft tissue, and to differentiate scar from infection. Sagittal alignment should be corrected if necessary. Conclusions: Recurrent or new symptoms after cervical spine reconstruction can be effectively treated with revision surgery after identifying the etiology, and completing the appropriate workup.
Introduction
Revision rates for surgery on the cervical spine can be high, and vary by the type of procedure performed. For anterior cervical decompression and fusion (ACDF), the 2-year revision rate ranges from 2.1% to 9.13% for single level surgery, and from 4.4% to 10.7% for multilevel ACDF [44, 53] . For these procedures, the most common reason for revision surgery is adjacent segment disease, which has an average incidence of new symptoms between 1.6% to 4.2% per year [19, 26] . Reoperation rates in patients undergoing cervical disc arthroplasty is reported to range from 1.8% to 5.4% at 2 years [3, 32] to 2.9% at 5-year follow-up [51, 59] . For posterior procedures, the revision rate after cervical foraminotomy has been reported to range from 2.9% at 7 years [11] to 5% at 31.7 months [54] compared to laminoplasty with a revision rate ranging from 2.1% at 15 years [42] to 13% at 42.3 months, and laminectomy and fusion which has a revision rate ranging from 2% [55] to 27% at 41.3 months [18] . These high revision rates emphasize the need for surgeons to have a thorough understanding of the etiology of post-surgical pathology, as well as a treatment algorithm when evaluating a patient who has undergone prior cervical spine surgery.
The purpose of this article is to review MEDLINE literature after 1993 in order to (1) identify and review the important aspects in the diagnosis and evaluation of patients after failed cervical spine reconstruction and (2) to describe a treatment algorithm when addressing failed cervical spine reconstruction.
Results
Of the articles reviewed, there was variation in the rates of revision surgery based on procedure type, as well as revision strategy. The focus of the articles in regards to diagnosis and evaluation of patients undergoing revision surgery for failed cervical spine reconstruction included: history and physical exam, imaging, sagittal alignment, laboratory testing, and recurrent laryngeal nerve evaluation. The surgical approaches and treatment algorithm depend on the etiology for revision, which were most commonly: infection, adjacent segment disease, recurrent symptoms, kyphosis, and pseudarthrosis.
Evaluation (History and Physical Exam)
A detailed history and physical exam is crucial when evaluating a patient for possible revision cervical spine surgery. Regardless of whether or not the initial procedure was completed by another surgeon or yourself, the same treatment approach should be used, including a reassessment of the indications for the initial procedure. In addition to understanding the patient's current symptoms, the surgeon must understand why the initial surgery was done, and if any relief was obtained after the index procedure. A review of clinical notes from the initial surgeon may also be helpful in elucidating specific physical exam findings as well as the impression and treatment plan prior to the primary surgery. Operative reports, including the type of instrumentation used, as well as details of the postoperative course such as length of hospital stay, clinical impression, or lab work which raises concern for infection, dysphagia, hoarseness, and any other complications are also important for future surgical planning. Current signs or symptoms of myelopathy, progressive weakness, weight loss, fever, chills, nausea, or vomiting may be indicative of a condition requiring an urgent intervention. Medical comorbidities and smoking and alcohol history should be evaluated and optimized before any non-urgent procedure, including nutritional evaluation if necessary.
To complement the routine physical exam done for all cervical spine evaluations, attention to the previous incision is important to identify wound healing deficiencies and to suggest the presence of infection through drainage or erythema, fluctuance, pain on palpation, or underlying masses. Signs of poor nutrition should elicit further workup for metabolic disorders such as vitamin deficiencies. The side, orientation, and size of the initial incision, along with any vocal cord dysfunction will guide planning for revision procedures. If upper extremity symptoms are present, the shoulder, elbow, and wrist should be thoroughly evaluated, and peripheral compressive neuropathies should be excluded.
Imaging
Initial imaging for revision cervical spine surgery includes standing anteroposterior, lateral, and flexion/extension radiographs. Full-length radiographs may be important when addressing cervical deformity which impacts overall coronal and sagittal balance. Radiographs will allow measurement of local kyphosis/lordosis based on Cobb angle, as well as an assessment of motion through an attempted fusion site, and overall range of motion on the flexion/extension films. Plain radiographs will show implant failure such as screw or rod breakage, as well as lucencies around screws indicative of pseudarthrosis. Computed tomography (CT) provides fine bony detail and further assessment of fusion status.
Magnetic resonance imaging (MRI) provides information about disc integrity, neural elements, bony structures, as well as the surrounding soft tissue structures. Determining the difference between scar tissue, disc tissue, and fluid collections, which may raise concern for infection, can be difficult, and MRI with and without gadolinium can help differentiate. Scar tissue will enhance on T1-weighted images after the administration of gadolinium and disc material and fluid collections will not.
Sagittal Alignment
Sagittal alignment of the cervical spine is an important parameter that can effect quality of life [39] , and full-length standing radiographs should be obtained if this is a potential concern. There are multiple methods to measure cervical spine alignment, and the Cobb angle of C2-C7 ranges from 9.6° [16] to 14.4°of lordosis in the normal patient [58] (see Fig. 1a ). Almost 2/3 of load transmission occurs through the posterior columns [35] . Kyphotic malalignment of the cervical spine can occur after surgery, especially if a laminectomy is performed in patients with pre-existing kyphosis [21, 30, 43] . The cervical sagittal vertical axis (SVA) is a measurement of translation, which can either be measured globally from C2 or C7 to the posterior superior sacrum, or regionally within the cervical spine from C2 to C7 [39] (see Fig. 1b ). The chin-brow vertical angle (CBVA) is a measure of horizontal gaze, and should also be considered when planning the correction of a kyphotic deformity, particularly in patients with ankylosing spondylitis [48] .
Laboratory Testing
Concerns for infection at any time point after surgery should prompt evaluation with erythrocyte sedimentation rate (ESR), C-reactive protein (CRP), and complete white blood cell count (WBC) with differential. In the normal postoperative period, CRP and ESR will peak on the third and fourth day, respectively, then CRP will decrease rapidly, and ESR will gradually decrease [24] . Both can still be elevated at 14 days after surgery, and ESR can remain elevated for up to 6 weeks [24] . A second rise in CRP, or a failure of CRP to decrease is concerning for infection [31] When treating an infection after surgery, the CRP level is more indicative of response to antibiotic treatment, as ESR may continue to be elevated [23] . Procalcitonin levels have also been studied as potential markers for infection [10, 34] ; however, the exact relationship to infected spine wounds is not clear at this time.
In patients with a history of dysphagia, nutritional markers such as albumin and total lymphocyte count may reveal malnutrition that should be corrected prior to revision surgery if possible. In a database review of patients undergoing spine fusion, patients with an albumin level of 3.5 g/ dL or less have higher mortality rate than those with levels higher than 3.5 g/dL (OR 13.8, 95% CI, 4.6-41.6; p<0.001) [40] . Vitamin D deficiency is also common, and has been reported in up to 27% of adults undergoing spinal fusion [47] .
Additional Testing
For revision surgery after anterior cervical approaches, the recurrent laryngeal nerve should be assessed, as the incidence of symptoms after primary surgery is 2.7%, and increases dramatically to 9.5% to 10.5% after revision anterior cervical surgery [4, 12] . Asymptomatic recurrent laryngeal nerve palsy detected by laryngoscopy is even more common, with rates up to 15.9% after primary anterior cervical spine surgery [20] . If there is a history of dysphonia, patients should be evaluated by an otolaryngologist to determine if there is a recurrent laryngeal nerve injury, and subsequent partial or complete vocal cord paralysis. If the vocal cords are normal, the revision procedure may be done from either side. If there is vocal cord paralysis, the approach should be done on the ipsilateral side to avoid injury to the normal side [36] . Any prolonged history of dysphagia also warrants a preoperative otolaryngology consult to evaluate the integrity of the esophagus. Prominent or loose anterior instrumentation in the setting of dysphagia raises the concern of an unrecognized esophageal injury, and intraoperative otolaryngology help may be needed for evaluation of the esophagus. In one series, the rate of acute esophageal perforation during ACDF was low (0.3%) [14] , but can be fatal. Late presentation can present years after surgery as dysphagia with the presence of an abscess [9] , or be asymptomatic with migrated hardware [38] .
Surgical Planning
After completing the appropriate workup, the most common etiologies of pain or disability after cervical spine surgery should be apparent. These include adjacent segment disease, pseudarthrosis, same segment disease, progressive deformity, infection, or a combination of these diagnoses. Although radiographic evidence of adjacent segment degeneration is common after prior cervical spine surgery, the cause of symptoms may be multifactorial, and should not be immediately attributed to adjacent segment disease.
Infection
Infection should always be in the differential diagnosis when evaluating patients with prior cervical spine surgery. As discussed earlier, the laboratory and MRI workup can aid in diagnosis. Early infection can present as a draining wound or fluid collection, and should be treated with urgent irrigation and debridement, with attempted hardware retention if possible. Intraoperative cultures should be taken to help guide antibiotic treatment. Repeat debridements may be necessary depending on the severity and virulence of the pathogen, and condition of the soft tissues. A vacuumassisted closure dressing may help temporarily, and drains should be used as necessary.
Late infection may present with increasing pain and/or neurologic symptoms. Instrumentation loosening should also raise concern for infection. Loose instrumentation should be removed and, depending on the stability and condition of the spine, new instrumentation may be necessary for stabilization. The overall alignment of the spine, assessment of fusion, and presence of adjacent segment disease should also be evaluated and addressed as needed. Intravenous antibiotics will likely be necessary for 6-8 weeks in the case of infection with antibiotic choice based on the intraoperative cultures.
Adjacent Segment Disease
Adjacent segment disease (ASD) is common after cervical spine surgery. After anterior cervical arthrodesis, the rate is approximately 2.9% per year [19] , and after a second cervical fusion, the incidence of ASD is up to 25% [56] . A recent systematic review found the average incidence of adjacent segment degeneration, which is a radiographic finding and may be asymptomatic, to be 47.33% and ASD to be 11.99% (average follow-up of 106.5 months, range 50.4 to 253.2 months) [7] . The high incidence of ASD is likely multifactorial, due to natural history and biomechanical effects. While the biomechanical effects of an anterior fusion procedure increased intradiscal pressure and motion at adjacent levels [13] , this alone likely does not entirely explain ASD. Patients undergoing posterior laminoforaminotomy develop both same-level degeneration and ASD, suggesting more than just biomechanics contributes to this condition [11, 17, 54] . In patients undergoing ACDF, disc degeneration on preoperative MRI was found to be more common at levels adjacent to the operative level compared to non-adjacent levels, also suggesting that the natural history contributes to ASD [29] .
Surgical techniques can also contribute to adjacent segment degeneration. Placing a plate within 5 mm of the adjacent level has been associated with ossification of that level [37] . Similarly, placing a localizing needle at the incorrect adjacent level leads to a threefold increase in adjacent segment degeneration [33] . Along with unnecessary soft tissue dissection, these technical mistakes are potentially avoidable etiologies for the development of ASD and should be avoided as much as possible.
Revision surgery for adjacent segment disease should also evaluate the fusion status of the original interbody space if the index procedure was an ACDF or the posterolateral fusion mass if the procedure was a posterior fusion. Anterior plates will likely need to be revised to include the adjacent segment, and any neural compression should be addressed.
Recurrent Symptoms
For patients with recurrent symptoms after a period of relief, or patients who never experienced relief after the initial procedure, the same segment should be evaluated for recurrent stenosis or incomplete decompression of stenosis. Peripheral compressive neuropathy should also be ruled out, as these can mimic recurrent disease. CT and MRI are used to localize compressive lesions. Sagittal alignment should be assessed, which can be affected by collapsed or subsided grafts or cages.
In addition to symptoms being caused by recurrent or incompletely relieved stenosis, other more rare causes of neurologic deficit should be considered, especially when imaging studies do not explain the clinical presentation. The differential diagnosis may include diabetic neuropathy, multiple sclerosis, amyotrophic lateral sclerosis, GuillainBarre syndrome, vitamin B12 deficiency, syringomyelia, and intracranial pathology [1] . Irreversible spinal cord and nerve root damage should be considered, and patients should be counseled about the possibility of not fully recovering function, regardless of the treatment offered. High-intensity spinal cord signal with a well-defined border on T2-weighted MR images, along with low signal intensity change on T1-weighted images, are indicative of a poor surgical outcome [8, 49] .
Once the underlying diagnosis is made, surgical planning should define the overall goals of the revision surgery and the approach. An anterior approach should be used to address compression from anterior structures, including the PLL and uncovertebral joints. Multilevel compression with neutral or kyphotic alignment necessitates either multiple ACDFs or an anterior cervical corpectomy and fusion (ACCF). Kyphosis may be better corrected with multiple ACDFs; however, if there is an associated pseudarthrosis, there is a higher risk of needing a second-revision surgery with anterior procedures compared to posterior procedures [6] . Posterior instrumentation should be considered with more than three-level anterior fusions. Multilevel corpectomy can also correct a kyphotic deformity to neutral, and should also be stabilized posteriorly if more than two levels are involved, due to a high risk of graft dislodgement [52] . Patients with neutral or lordotic alignment can have laminectomy and fusion to address multiple segments if instability is a concern, or laminoplasty and/or foraminotomies if no significant neck pain or instability is present.
Kyphosis
Kyphosis is common after laminectomy without fusion, occurring in up to 21% of cases [22] . Pre-existing kyphosis, facetectomies, and older age increases the likelihood of kyphosis [2] . The loss of sagittal alignment shifts the weight-bearing axis anteriorly, which can cause muscular fatigue and pain as well as spinal cord draping and neural compromise. The goals of surgery are to lengthen the anterior column and to shorten or relatively shorten the posterior column in order to correct the overall sagittal alignment. Flexion and extension radiographs can help determine if the deformity is rigid or fixed, which will affect surgical planning. CT scan will evaluate the location and integrity of fusion masses and ankylosed bone, which may necessitate a corrective osteotomy. If a patient can correct to neutral on extension radiographs, either an anterior or posterior only approach may be used. Posterior arthrodesis can be performed if there are no anterior compressive structures, and laminoforaminotomies should be added as needed to prevent root compression as the neck is extended. Anterior-only multilevel ACDF is preferred for flexible deformity with anterior compression, because of the ability to increase lordosis up to 20° [46] . For fixed deformities, a combined anterior/posterior approach, with or without osteotomies may be necessary in order to restore sagittal balance and decompress the spinal cord.
Pseudarthrosis
The rate of pseudarthrosis increases with multiple fusion levels, and pain is the most common presenting symptom [5] . In multilevel anterior cervical fusion, the pseudarthrosis most commonly occurs at the lowest fusion level, and even with BMP-2 augmentation, the rate is approximately 10% [41] . After laminectomy and fusion, the pseudarthrosis rate was found to range from 1% to 38% in a recent systematic review [57] . Flexion and extension radiographs and CT scan can evaluate the fusion site (Fig. 2) . Using a cutoff value of more than 4°of intervertebral body motion on flexion/extension radiographs has been demonstrated to have a high positive predictive value for diagnosing pseudarthrosis [15] . Determining anterior cervical fusion on CT scan can be difficult, and a recent study found that extra-graft-bone bridging is much more accurate and reliable to determine fusion than intra-graft-bone bridging [45] . As stated earlier, evaluation of potential contributing factors for pseudarthrosis, such as infection, medical comorbidities, malnutrition, and smoking status should be undertaken and corrected if possible before revision surgery. If patients are asymptomatic, treatment of pseudarthrosis may be nonoperative.
For patients with neck pain, neurologic symptoms, or instability, operative treatment is indicated. In patients with anterior cervical pseudarthrosis, either an anterior revision procedure [50] , or a posterior fusion procedure can lead to good results [25, 27] . A combined anterior/posterior procedure may be necessary to achieve stability in some cases. The fusion rates for posterior revision surgery is reported to be much higher (94%-98%) compared to anterior revision (44%-45%); however, complication rates are lower anteriorly [6, 28] . In patients with a prior posterior decompression, an anterior revision procedure is preferred if possible to avoid the exposed dura posteriorly. Regardless of approach used, all fibrous nonunion tissue should be removed, bone graft or bone graft substitute should be added as necessary, and rigid fixation should be obtained.
Discussion
With the ongoing development of surgical techniques and devices for the cervical spine, there will be a need for revision surgery. It is important for clinicians to understand the evaluation and diagnosis of patients after failed cervical spine reconstruction, as well as to have a consistent treatment algorithm when addressing failed cervical spine reconstruction. The literature reports wide ranges of rates for revision cervical spine surgery, likely due to the inherent differences in procedures, as well as variability of indications for revision surgery between clinicians. Randomized controlled trials to determine the optimal approach for revision surgery would be beneficial, however, these studies are difficult to complete.
Our treatment algorithm for revision cervical spine reconstruction includes a thorough history and physical exam and review of the initial indication for surgery, and inquiry as to whether or not a pain-free interval was ever obtained after surgery (Fig. 3) . If concerns for pseudarthrosis exist at 6 months from surgery, flexion/extension radiographs are obtained, and possibly, a CT scan. If radiculopathy or neural compression is evident from history or physical exam, an MRI is obtained. If there is concern for infection, ESR, CRP, and CBC with differential are ordered, as well as an MRI with gadolinium.
Our approach to revision cervical spine surgery depends on the etiology. In cases of postoperative kyphosis, our operative strategy is to lengthen the anterior column and shorten the posterior column, which is usually performed with anterior-posterior procedures. Occasionally, for cases with a fixed deformity, posterior-anterior-posterior approaches are used to explore and perform osteotomies, if necessary, followed by anterior release and decompression, and then instrumentation posteriorly. In cases of ASD without deformity, the approach is dependent on the location of the neural compression. In pseudarthrosis cases after prior ACDF without deformity, we prefer attempting a posterior fusion. For anterior revision procedures, we evaluate the vocal cords, and if normal, we prefer to approach the spine from the contralateral side to avoid the scarring.
Revision cervical spine surgery is common, with rates varying depending on the initial procedure performed. Clinicians should have an understanding of the most common causes for revision surgery, as well as have an approach for the evaluation and treatment of these complex cases. 
